The total cross section for the photoproduction process with a leading proton in the final state has been measured at γp centre-of-mass energies W of 91, 181 and 231 GeV. The measured cross sections apply to the kinematic range with the transverse momentum of the scattered proton restricted to p T ≤ 0.2 GeV and 0.68 ≤ z ≤ 0.88, where z = E ′ p /E p is the scattered proton energy normalised to the beam energy. The cross section dσ γp→Xp ′ (W, z)/dz is observed to be independent of W and z within the measurement errors and amounts to (8.05±0.06 (stat)±0.89 (syst)) µb on average. The data are well described by a Triple Regge model in which the process is mediated by a mixture of exchanges with an effective Regge trajectory of intercept α i (0) = 0.33 ± 0.04 (stat) ± 0.04 (syst). The total cross section for the interaction of the photon with this mixture (γα i → X) can be described by an effective trajectory of intercept α k (0) = 0.99 ± 0.01 (stat) ± 0.05 (syst). The measured cross sections are compared with deep inelastic scattering leading proton data in the same region of z and p T for photon virtuality Q 2 > 2.5 GeV 2 . The ratio of the cross section for leading proton production to the total cross section is found to rise with Q 2 .
Introduction
Over the years there has been considerable interest in "diffractive" dissociation processes in strong interactions. At pp collider experiments, the reaction pp → Xp ′ has been studied in detail [1, 2] , whilst at HERA the process γp → Xp ′ has also been closely investigated for both real and virtual photons [3] [4] [5] [6] [7] [8] . These processes are often interpreted using Regge phenomenology in terms of the exchange of colourless objects between the colliding particles. Such scattering is distinguished in collider experiments by the observation of rapidity gaps between the beam direction and the produced hadrons, X. A complementary way to study these processes is by direct detection of the leading protons from the reactions.
At HERA, the nature of the exchange has been found to depend on the fraction of the beam longitudinal momentum retained by the final state proton, z 1 . When z → 1, the cross section is well described by pomeron (IP ) exchange in both photoproduction [4, 5] and Deep Inelastic Scattering (DIS) [6, 7] . At z ∼ 0.95, additional meson trajectories associated with ρ, ω, f 2 or a 2 , here collectively denoted IR, have been found to contribute [4, 6] . In a previous publication [3] DIS data with a leading proton in the kinematic range 0.73 ≤ z ≤ 0.88 were shown to be well described by a Regge model in which the virtual photon interacts with a mixture of exchanges dominated by IR and π. In this paper, we present measurements using the H1 Forward Proton Spectrometer (FPS) to reconstruct the proton momentum directly in a similar region of z to [3] , but in the photoproduction limit. These measurements extend those of [4] to lower values of z.
The semi-inclusive scattering reaction ep → e ′ Xp ′ is sketched in figure 1. The measured process described in this paper is γp → Xp ′ for quasi-real photons, in which the photon emitted by the incoming electron reacts with the proton to produce a system of mass M X . The squared four-momentum transfer at the proton vertex is denoted by t. The proton remains intact leaving the interaction with an energy fraction z = E ′ p /E p , E ′ p and E p being the energies of the outgoing and incoming protons, respectively. For the elastic process shown in figure 1 , the mass M X is equal to W √ 1 − z, where W is the centre-of-mass energy of the photon-proton system. In a Regge interpretation, the reaction proceeds via the exchange of an object R.
The W and z dependences of the data are used to investigate the contributions of different exchanges away from the pomeron dominated region. Together with the data from DIS in [3] the photon virtuality, Q 2 , dependence of the semi-inclusive scattering process is investigated. This allows one to study how the dissociative process varies as the incoming particle changes from a point-like object at high Q 2 to a hadron-like object in the photoproduction region at Q 2 = 0. This transition has been studied in detail in inclusive scattering ep → e ′ X [9, 10] , but no previous information exists for semi-inclusive processes at the values of z studied here.
Experimental Method

The H1 Detector
The H1 detector is described in detail elsewhere [11] . We use a coordinate system originating at the interaction point with the positive z axis along the proton beam direction. of the final state of the reaction under study is performed by identifying the scattered proton, the scattered electron and at least one charged track in the central region of the H1 detector. The central tracking chambers and the central proportional chambers, located within the 1.15 Tesla field of the H1 solenoid, trigger on and measure the momentum of tracks, the resolution being ∆(p t )/p 2 t ∼ 10 −2 GeV −1 for p t > 0.5 GeV. Small angle electron calorimeters and a photon detector are used to determine the luminosity via the Bethe-Heitler process ep → e ′ p ′ γ, to tag photoproduction events and to suppress Bethe-Heitler background in the measurement. By selecting an electron candidate in the electron calorimeters, the acceptance is restricted to values of the photon virtuality Q 2 < 0.01 GeV 2 .
The Forward Proton Spectrometer (FPS) [3, 12] is used to measure the energy and scattering angles at the interaction point of the outgoing proton. Protons scattered at small angles to the incident proton direction are deflected by the magnets of the beam optics into a system of detectors placed close to the proton beam in moveable "Roman pot" housing stations, approaching the beam from above. The stations used in this analysis are positioned at distances of 81 and 90 m downstream of the interaction point and are moved into position once stable beam conditions are established. The pattern of hits from many events observed in the position detectors is analyzed to determine spatial offsets and tilts of the proton beam at the interaction point. For each event the outgoing proton energy and scattering angles are then obtained from the reconstructed track positions and the measured interaction point using the transfer functions derived from the beam optics [13] . The energy resolution deteriorates with energy and is better than 8 GeV. The absolute energy scale uncertainty is estimated to ±10 GeV, as has been inferred from a comparison of a diffractive model with the data and from a study of a small number of events at large Q 2 , where the kinematics are determined independently in the main detector [12, 13] . The mean error on the angle measurement is 5 µrad in the θ x projection and varies with increasing beam energy from 5 µrad to 100 µrad in the θ y projection. With a primary proton beam of 820 GeV, scattered proton energies in the range 500 GeV < E ′ p < 780 GeV are accepted by the spectrometer. For a proton which passes through both stations, the average overall track reconstruction efficiency is approximately 50%.
Data Selection
The analysis is based on a data set from the 1996 running period, when HERA collided 820 GeV protons with 27.5 GeV positrons, resulting in an ep centre-of-mass energy √ s = 300 GeV. Further details of this analysis can be found in [17] . Data were analysed where the FPS was in a stable position close to the circulating beam and all relevant components of the H1 detector were fully operational. The corresponding integrated luminosity amounts to 3.3 pb −1 . In order to study the reaction γp → Xp ′ , events were selected with a reconstructed track in the FPS, a positron candidate in one of the small-angle electron detectors of the luminosity system and at least one reconstructed track in the central H1 detector. At the trigger level, a signal in each of the components was required. Events with energy deposition in the photon detector of the luminosity system were rejected, since this indicates the presence of an event from the BetheHeitler process in the same bunch crossing or initial or final state radiation.
At least one track in the H1 detector was required to have a transverse momentum above 0.5 GeV and a polar angle θ in the range of 20
• < θ < 160
• in order to guarantee a good trigger and reconstruction efficiency. In order to reject background from interactions of the beam with the residual gas in the beampipe, the z coordinate of the event vertex was restricted to |z Vtx | < 35 cm. Further background rejection conditions were imposed, which require the timing of the event to match the bunch crossing time.
The scattered proton energy range was restricted to 540 GeV < E ′ p < 740 GeV and the proton transverse momentum range to 0 < p T ≤ 0.2 GeV, where the FPS acceptance is well understood. The data were grouped into five 40 GeV wide intervals in E ′ p . The scattered electron energies were measured in two calorimeters allowing the data to be divided into three ranges of W . The average values of W in each of these ranges were 91 GeV, 187 GeV and 231 GeV. This W range together with the measured z range corresponds to values of M X between 32 GeV and 130 GeV, assuming the scattering is elastic at the proton vertex. The total number of events selected was 23072.
Cross Section Measurement
To obtain the differential cross section d 3 σ ep→e ′ Xp ′ /dydQ 2 dz, where y = W 2 /s and where the scattered proton p T is integrated over the range 0 < p T < 0.2 GeV, the data are corrected for acceptances and efficiencies. The PHOJET [15] Monte Carlo programme, a general photoproduction model, was used to correct for central track reconstruction efficiencies. The acceptance of the FPS was studied using both PHOJET and POMPYT [16] , which is a Monte Carlo model for diffractive hard scattering, also capable of describing reactions mediated by pion exchange. Corrections are made for the FPS trigger efficiency, the FPS track reconstruction efficiency, the track multiplicity dependent trigger efficiency of the central tracker and the electron tagger acceptances. The latter includes a correction for cases where events are lost due to an energy deposition in the photon detector by an overlaid Bethe-Heitler event. Bin by bin factors are used to correct for track reconstruction inefficiency in the H1 tracking chambers, to compensate for the migrations between proton energy intervals and to take the limited FPS acceptance into account. The values for the migration corrections vary between 0.91 and 1.13 for the intervals defined in section 3.1. The correction factor for the fraction of events lying outside the FPS acceptance region ranges between 0.27 to 0.90 with an average value of about 0.70.
The differential cross section dσ γp→Xp ′ (W, z)/dz is determined using the relation
where F γ/e (y, Q 2 ) is the photon flux in the Equivalent Photon Approximation [14] . The effects of initial and final state radiation from the electron are suppressed in this analysis by the veto of events with energy deposition in the small angle photon detector. Radiative corrections are thus expected to be small [22] and have been neglected throughout the analysis.
The measured cross sections are defined solely in terms of the specified ranges in the scattered proton transverse momentum, W and z. No subtractions have been made for the contribution of protons from the decay of baryon resonances or proton dissociation processes. The major source, the ∆(1232), has been estimated to contribute at the 10% level to the total cross section for leading proton production in the range 0.6 < z < 0.9 in DIS [21] , concentrated at low z. Assuming a contribution of similar magnitude in photoproduction, this will be suppressed to the percent level by the restriction of this measurement to proton transverse momenta p T < 0.2 GeV and z > 0.66.
Background
The following sources of background were studied:
• Protons in the FPS originating from interactions of the proton beam with the beam pipe wall or residual gas: the background actually entering the sample where a trajectory is indistinguishable from that of a proton which was scattered in an ep process at the interaction point has been found to be much less than 1% from studies of non-interacting proton bunches. This background has been neglected.
• Tracks in the central H1 detector produced by beam gas interactions: this background has been estimated using the distribution of z Vtx . This is approximately distributed as a Gaussian around a mean value close to the nominal interaction point for ep interactions while beam gas interactions have a more uniform distribution in z Vtx . The fraction of background events entering the data sample, where |z Vtx | < 35 cm is required, can be estimated from the tails of the z Vtx distribution and has been determined to vary between 2.2% (lowest y interval) and 3.4% (highest y interval). This has been subtracted.
• Bethe-Heitler events ep → e ′ p ′ γ: these are not a significant source of background unless they overlap with a photoproduction event. The acceptance of the photon detector of the luminosity system for the photons is large. With the cut imposed on the maximum energy deposited in the photon detector, this background has been suppressed to the level of 0.25%, determined statistically from the probability of random overlap. This has been subtracted.
Systematic errors
The systematic uncertainties in the measurement can be grouped into those depending on y, those related to the proton energy (or z) interval and normalisation errors.
Errors depending on y. The following sources contribute to this type of error: errors on the acceptance of the electron taggers; errors on the selection efficiency for tracks in the H1 tracking chambers; migration uncertainties between adjacent y intervals and errors on the proton beam induced background in the central region of the H1 detector. The resulting uncertainties were found to vary between 6.5 and 8.5%.
Errors depending on z. The largest uncertainty arises from the acceptance correction for migrations about the measurement limit at the proton transverse momentum of p T = 0.2 GeV. The uncertainty was evaluated using the PHOJET and POMPYT Monte Carlo generators. Uncertainties in the FPS calibration constants lead to systematic errors on the migration corrections between proton energy bins. This effect has also been studied using the PHOJET and POMPYT Monte Carlo models. The z dependent errors were found to vary between 2.6 and 14.1%.
Normalisation errors. These are dominated by overall FPS uncertainties such as alignment errors and uncertainties on the hodoscope efficiencies. The uncertainty in the luminosity measurement, in the vertex cut efficiency and in the positron beam related background are also included. This error amounts to 5.3%.
Results
The differential cross section dσ γp→Xp ′ (W, z)/dz
The cross section dσ γp→Xp ′ (W, z)/dz for W = 91, 187 and 231 GeV and five values of z in the range 0.68 ≤ z ≤ 0.88 is shown in figure 2 . The values are listed in Table 1 . It is observed that for all z and W , the measured cross sections are compatible with each other within the experimental errors. The data may be represented by a single average cross section value of dσ(W, z)/dz = (8.05 ± 0.06 (stat) ± 0.89 (syst)) µb. The restriction in the transverse momentum of the final state proton to p T ≤ 0.2 GeV implies that the measured cross section represents (23 ± 2 (stat) ± 5 (syst))% of the full differential cross section dσ/dz in photoproduction if the t dependence is assumed to follow e bt with b = (6.6 ± 0.7 (stat) ± 1.5 (syst)) GeV −2 (see section 3.2). The ratio of photoproduction events with a leading proton of 0.66 ≤ z ≤ 0.90 and p T < 0.2 GeV to all photoproduction events [22] is (1.17 ± 0.02 (stat) ± 0.15 (syst))%.
From the observation that the cross section dσ/dz is independent of z and W within errors, we infer that dσ/dM 2 X is also approximately independent of M X at fixed W . This observation is different from pomeron exchange processes, dominant at lower M X /W , where a X dependence is a good approximation to the data [4] . The present measurement is reminiscent of data from proton-proton scattering pp → Xp ′ at lower centre-of-mass energies squared s < 3900 GeV 2 [1, 20] , where a flattening of the cross section dσ/dM 2 X is observed for masses above M X / √ s ∼ 0.2.
In section 3.2, the measured cross-section dσ/dz is interpreted in a Regge motivated model. The lack of W dependence of the cross section is also supportive of the hypothesis of limiting fragmentation [23] which states that target fragmentation is independent of projectile energy and type.
Triple Regge Analysis
In the language of Regge phenomenology, the W and z dependences of dσ/dz yield information about the exchange mechanisms contributing to leading proton photoproduction. A framework to model the process γp → Xp ′ is offered by "Triple Regge" phenomenology using the MuellerRegge approach 2 [24] , as illustrated in figure 3 . The total cross section at fixed M X is obtained from a coherent sum of the amplitudes for the exchange of Regge trajectories α i , figure 3a, which is related, through the generalised optical theorem [24] , to the forward amplitude (figure 3b) for the process γα i (t) → γα i (t) at an effective centre of mass energy M X . If M 2 X is much 2 This approach is normally recommended for the kinematic range 1 − z = M 2 X /W 2 ≪ 1. However, since the exact region of applicability is uncertain, the approach has been applied here to test the validity of the model and to investigate the contributing exchanges.
larger than the hadronic mass scale s 0 and W 2 ≫ M 2 X , this forward amplitude can be expressed as a further sum of Regge trajectories α k as shown in figure 3c. Here we neglect the possibility of interference contributions, such that the two Regge trajectories coupling to the proton in the Triple Regge diagram of figure 3c are always identical. The cross section can then be expressed as a sum over the contributing Regge trajectories [25] 
where α i refers to the trajectory exchanged between the photon and the proton, α k refers to the additional trajectory describing the total cross section between α i and the photon and G iik (t) represents the product of all couplings. In [4] , Triple Regge fits to lower M X photoproduction data showed dominant pomeron exchange at the largest z and W , with further trajectories consistent with IR contributing at smaller W or z. At the larger M X /W values of the present study, the full mixture of contributing trajectories and their interferences is presumably rather complicated. The data are not sufficiently precise and do not cover a wide enough kinematic region to make a full decomposition. Instead we consider single effective trajectories α i and α k and assume that these represent averages of the mixtures contributing to the reaction. It is further assumed that all t dependent terms can be absorbed into a single exponential e bt , where
The z dependent term in this expression arises from the t dependence of the trajectory of the form
With these assumptions, after integration over t, equation 2 becomes
where |t min | is the minimum kinematically allowed value of |t|, |t max | is the maximum value allowed by the experimental limit of p T ≤ 0.2 GeV for the leading proton, A is an overall normalisation factor and s 0 is taken to be 1 GeV 2 following the usual convention [1] .
The observed approximate independence of dσ/dz of M In each case, the first error quoted is the statistical and the second is the systematic uncertainty, which includes a contribution from the variation 3 of α ′ i . The fit gives a good representation of the data within the dominant systematic errors. This is illustrated in figure 4 which shows the values of dσ/dz as a function of W in each z bin with the fit, represented by the curves, superimposed. For the mean value in the data of z = 0.78, the value of b 0 extracted from the fit implies that b = (6.6 ± 0.7 (stat) ± 1.5 (syst)) GeV −2 . The value of b determined in this indirect manner is compatible within experimental errors with that found by direct measurement by ZEUS [19] for p 2 T < 0.5 GeV 2 . The values of α(0) for the π, IR and Pomeron trajectories are approximately 0, 0.5 and 1.0, respectively [1] . Hence, within the framework of the applied model, we deduce from the extracted value of α i (0) that the exchange between the photon and the proton can be understood as a mixture of trajectories, dominated by π and IR, consistent with the previous H1 measurement at higher Q 2 [3] . In addition since α k (0) is close to unity, the total cross section for the scattering between the mixture of Regge trajectories represented by α i and the photon seems to be dominated by pomeron exchange, as would be expected for total cross sections at these energies (32 GeV < M X < 130 GeV).
Leading Proton Production in DIS and Photoproduction
In this section, the photoproduction cross sections with a leading proton are combined with data from deep inelastic scattering with a leading proton in the range 0.71 < z < 0.90, published in [3] . Since the DIS and photoproduction leading proton data were recorded under very similar experimental conditions, the bulk of the systematic errors are identical and thus have little impact on the analysis. Comparing the photoproduction and DIS data allows one to study changes in the scattering process as the incoming projectile changes from a hadron-like object at Q 2 = 0 to a point-like probe at higher Q 2 . The DIS data sample covered the range 2 GeV 2 ≤ Q 2 ≤ 50 GeV 2 and 6 · 10
, where x is the Bjorken scaling variable. A leading proton structure function F LP (3) 2 was defined as:
where α denotes the electromagnetic coupling constant, y the inelasticity variable and R(x, Q 2 , z) the ratio of the longitudinal to the transverse polarised photon induced DIS cross sections with a leading proton. Due to the y 2 factor, the impact of R(x, Q 2 , z) on the measurement of the structure function F LP (3) 2 (x, Q 2 , z) is small and R was set to zero in [3] . The structure function F LP (3) 2 is related to the γ * p cross section by
The DIS cross sections dσ/dz deduced from the values of F LP (3) 2 using equation 5, are shown together with the photoproduction measurement reported here in figure 5 for the data in the range 40 GeV < M X < 60 GeV at z = 0.732, 0.780, 0.829 and 0.878. The data at other values of M X (not shown) have a very similar Q 2 dependence. For all values of z investigated, the data approach Q 2 = 0 GeV 2 in a qualitatively similar manner to that observed for the inclusive ep cross section [9, 10] .
A more sensitive quantity with which to study the transition from DIS to photoproduction is the ratio of the semi-inclusive to inclusive cross sections. For photoproduction, the ratio f LP of leading proton production per unit z to the total cross section is defined as µb.
For DIS, the ratio of leading proton production per unit z to the inclusive process is obtained from
where
is a parametrisation of the proton structure function taken from a QCD fit to the data in [27] . Note that W ≈ Q 2 /x at low x.
The ratios f LP (Q 2 , W, z) are shown in figure 6 , separately for each z value in four ranges of W . The fraction of leading proton events in the z range under study is found to increase 4 with Q 2 from ∼ 5% per unit z in photoproduction (Q 2 ∼ 0 GeV 2 ) to about 10% per unit z at Q 2 ∼ 10 GeV 2 at all z and W . 4 The χ 2 for the DIS data in figure 6 to be compatible with the mean values of the photoproduction data is computed for each z value. The result is a total χ 2 of 141 for 48 degrees of freedom, evaluated using the full experimental errors. The observed rise of f LP from low to high Q 2 in figure 6 cannot fully be explained by any reasonable Q 2 dependence of the t slope and thus indicates a breaking of factorisation of the proton from the photon vertex. A similar suppression of the cross section relative to predictions based on vertex factorisation has been observed in diffractive dijet production in regions where the photon is resolved [28] and in the process pp → Xp at high energy [2] . Absorptive corrections, corresponding to multiple Reggeon exchange, would be expected to give rise to such an effect [29] . It could also be due to the onset with increasing Q 2 of the cross section for longitudinally polarised photons if the relative contribution of the longitudinal cross section is different in the semi-inclusive and inclusive cases.
Summary
Photoproduction reactions with a final state proton of p T ≤ 0.2 GeV observed in the H1 Forward Proton Spectrometer (FPS) have been analysed in the kinematic range 0.66 ≤ z ≤ 0.90 at γp centre-of-mass energies W = 91, 187 and 231 GeV. The cross section dσ(W, z) γp→Xp ′ /dz was determined to be on average 8.05 ± 0.06 (stat) ± 0.89 (syst) µb, independent of z and W within the experimental errors.
A fit of a Triple Regge model to the data gives a good representation. In this model, the proton-photon interaction can be described by the exchange of an effective trajectory having α i (0) = 0.33 ± 0.04 (stat) ± 0.04 (syst), consistent with a mixture of pions and members of the exchange degenerate trajectory IR with α IR (0) ∼ 0.5. This result is consistent with the findings at similar z in deep inelastic scattering. The total cross section for the interaction of the mixture of trajectories α i with the photon is described by α k (0) = 0.99 ± 0.01 (stat) ± 0.05 (syst), implying that it is dominated by the pomeron term. The exponential slope parameter describing the t dependence of the data is indirectly determined within this model to be b = (6.6 ± 0.7 (stat) ± 1.5 (syst)) GeV −2 at z = 0.78.
The data from photoproduction and deep inelastic scattering with a final state proton observed in the FPS show a qualitatively similar Q 2 dependence to that observed when going from virtual to real photons in the inclusive reaction γ ( * ) p → X. The cross section for leading proton production expressed as a fraction per unit z of the total γ ( * ) p cross section, has been studied as a function of Q 2 in intervals of z and W . This fraction has been found to increase with Q 2 .
